In order to study the distributions of droplet size and volume density in high-concentration jet sprays, a new technique is developed, which combines the forward and backward light scattering method and an image processing method. A pulsed ruby laser is used as the light source. The Mie scattering theory is applied to the results obtained form image processing on the scattering photographs. The time history is obtained for the droplet size and volume density distributions, and the method is demonstrated by diesel fuel sprays under various injecting conditions. The validity of the technique is verified by a good agreement in the injected fuel volume distributions obtained by the present method and by injection rate measurements.
I. INTRODUCTION
The growth and diminution of liquid droplets in jet sprays, by condensation and evaporation, respectively, are of importance in many industrial systems and processes. For example, moisture induces efficiency losses and possibilities of erosion damage in steam turbines. In the combustion of liquid fuels, the evaporation rate of fuel droplets may be the rate-limiting step in the total process. Jet sprays are also applied in, among other things, the drying of viscous solutions by atomization, the spray cooling of hot gases and metals, and metal hardening or cutting.
The time history of both the droplet size and number density is essential in order to assess accurately the rate of evaporation or condensa-tion in jet sprays. Numerous methods have been employed for such purposes. For example, Kantola [1] determined the droplet size and number density time histories in steam condensation by three optical methods: attenuation, forward scattering, and side scattering techniques. These techniques were employed for small droplets (0.1-1.5 #m). Trolinger [2] summarized particle field holography applications for larger droplets (over 5 #m). For applications in diesel engines, Shimizu [3] used a light scattering counter method to determine the dynamic behavior of low-concentration sprays. The holographic technique or light scat-. tering counter method can be used to measure low-concentration sprays having number densities below 1000 particles/cm 3. In reality, the fuel is sprayed into a combustion chamber with a length of less than 100 mm. In such cases, the spray is not greatly diffused and its density is thicker than 1000 particles/cm 3, while its droplet size is larger than 5 #m. Therefore, the techniques are not suitable for accurate measurements of the spatial distribution and timewise variation of the particle size and number density in dense sprays. For macroscopic measurement of a fuel spray with a relatively high concentration, high-speed photographic methods have been commonly employed. These techniques can continuously record the overall behavior of jet sprays, including diffusion and penetration depth. However, they cannot quantitatively evaluate the number density and particle size distributions. It is, therefore, desirable to develop a method for quantitative measurement of the spatial distributions of the droplet size and number density for jet sprays of relatively high concentration.
The present work combines the light attenuation theory, backward scattering theory, and image analysis to determine the time history of the spatial distributions of the droplet size and volume density along the entire passage of jet sprays. This technique is new and can be applied to fuel sprays of relatively high concentration to obtain high-quality results, by means of digital image processing of the photodensity on the light scattering photographs. The principle of the optical method and its application are presented.
II. PRINCIPLE OF MEASUREMENTS
When a single particle is situated in the parallel ray of a light beam of unit strength, the intensity of light scattering is given by the product of the Mie total-scattering coefficient Ks(a) and the cross-sectional area of the particle. The particlesize parameter ot is defined as 21rr/)~, where r is the particle radius and )~ is the wavelength of the incident light. The light being scattered by a jet spray is split into backward and forward beams by a half-mirror Hm 1 and lenses L3 and Ls, as illustrated in Fig. 1 . The scattered beams are then recorded by films A and B as will be explained in detail later. Let I0 denote the incident light intensity; n(et), the number density; !, the spray thickness; dx, the differential length of the light passage; and R t and Rb, the collecting powers of the optical system for forward and backward scattering, respectively. The intensities of the forward and backward scattering are [4, 5] It=exp[ (1) and
respectively. Here, S(ct, ~-) represents the backward scattering function [5, 6] . Figure 2 depicts a schematic diagram of the forward and backward scattering of light through a particle field.
Let us define the extinction coefficient ~ and the ratio of reflectivity to extinction ~" as 
In general, Rt and Rb for each particle vary with location on the light passage due to a change in the scattering position of the particle. However, when particle clouds of a jet spray are viewed from a distance, R t and Rb of each particle may be considered constant. Then, Eqs. Here, ~' 0 and ~'t denote the values of ~" at x = 0 and x = 1, respectively. ~ is a function of x because it is generally dependent upon the particle size and number density distributions for the light passage. The effect of multiple scattering is assumed negligible in Eqs. (5) and (6), even for very dense sprays, as in the initial stage of diesel sprays, so long as the receiver lens aperture is very small in the measurement of large particles of over 5-/~m diameter [6, 1 II. Both It and Ib must be determined experimentally. Then, Eqs. (5) and (6) can be used to evaluate one of the three parameters 1, r and n(ot), provided the other two are known. Twomey and Howell [5] evaluated the values of ~" for a monochromatic wave of X = 0.7 /~m and a white light with X = 0.4-0.7/~m assuming that n(ot) in Eq. (4) takes the Gaussian, Poisson, bimodal, or inverse Poisson distribution. Shimizu et al. [6] found that for particles of a diameter between 1 and 60 #m, the values of ~" for the monochromatic wave fluctuate rigorously about the value of ot, while ~" for the white light takes a value practically proportional to the particle diameter. Shimizu et al. [6] measured Ib for monochromatic waves and observed a proportionality between ~" and the mean particle radius rl0, ~= arlo, (7) where a is the proportionality constant and r,o=ITrn(< )ao, (8) For homogeneous particles, d~/dx = 0 and g't = ~' 0 in Eq. (6), which can be reduced to
Ib/Io=~ {~o[1--exp(--2 I#o~ dxl]l •
In the case of homogeneous and heterogeneous particles with droplet and density symmetrically distributed in the light beam direction [7, 8] , Eq. (6) with the above equation can be reduced to (9) in which ~ represents the average value of ~'(x) along the light passage. For heterogeneous particles [7] , the value of Ib/lo obtained using Eq. (9) differs from that using Eq. (6) by less than 10%. This difference is within 20% even for jet sprays with higher number density and narrower spray width. Equations (5) and (9) are combined to eliminate the I~ dx term, resulting in
The value of Rt is unity if the parallel incident beam after passing through the spray is completely intercepted by the collecting lens. With the aid of Eqs. (7) and (10), one can determine the mean particle radius as
in which A I is a constant that must be empirically determined.
Reference [5] indicated that for ot _>_ 30, the value of Ks(a) is almost constant at 2 [9, 10] . defined by Eq. (3) can, then, be rearranged as = 7rKsrEoN, (12) in which
N signifies the number of particles of all sizes per unit volume. The volume density M is defined as
It can be rearranged to read
in which r,E=I;r'n(ot) dot/I;r2n(a) dot.
(16, By using rio = r32/1.36 [6] , Eqs. (7), (12), and together with Eqs. (5) and (9), one obtains
in which A2 is a proportionality constant. The photographic density FD is related to the film exposure E by FD =7 log E=3' log(It).
Here, 3' denotes the gamma value of film and E is the product of the intensity of light I and the exposure time t. Let the films be exposed over a unit time by the forward and backward scattering lights, i.e., t = 1 time unit. Then, the substitutions of Eq. (19) into Eqs. (11) and (18) yield r and AT/. Figure 1 is a schematic diagram of an optical recording system and a digital processing unit. The film A recorded the extinct light as a forward photography, while the film B recorded a backward scattering photograph. C was an optical system for recording either a laser hologram or a schlieren photograph. Lz-L5 were all 60 mm diameter lenses of 200 mm focal length. In order to approximate the total scattering coefficient Ks(c0 as a constant, a diaphragm D was placed at the focal point of the lens L3 to receive only the parallel scattering light [10] . A pulsed laser of 2 J output and 2 ns flash time was used as the light source. Any delay time may be set between the start of fuel injection and the activation of the pulsed laser. A Kodak photographic step tablet (or gray scale) was recorded on the film together with the jet spray. The gray scale was then used as the reference to detemine the photographic density and the gamma value of the film. 35 mm Kodak Tri X Pan, Recording 2475, and Agfa 10E75 films were used in the study. A Hamamatsu C-1000 type video camera, an NAC 1200 type B color density meter, and a microcomputer controlled image processing unit were employed for image analysis. A diesel fuel (No. 2 kerosene) was sprayed horizontally into an open atmosphere through a 0.39 mm diameter nozzle. The injection pump was a Bosch P-type with a 12 mm diameter plunger. Tests were conducted at two pump speeds: 500 and 1200 rpm. The fuel injection rates were 120.0 mm3/stroke at 500 rpm and 135.0 mm3/stroke at 1200 rpm. The opening pressure of the nozzle was 21.6 MPa or 220 Kgf. The injection pump speed, injection timing, and duration time were varied. Figure 3 depicts the timewise variations of the injection rate and pressure. The elapsed time was measured from the instant the fuel was ejected from the nozzle. By using the data in Fig. 3 , the injection rate-to-pressure ratio was found to be approximately constant after 100 #s, resulting in a direct proportionality relationship between the injection rate and pressure.
III. EXPERIMENTAL APPARATUS AND PROCEDURE
Photographs of each jet spray were taken every 100 #s after the fuel injection was initiated. A typical set of forward and backward scattering photographs for 500 rpm of injection pump speed are illustrated in Figs. 4(a) and 
IV. IMAGE PROCESSING
An NAC 1200 type B color densitometer was used to determine photographic density of forward and backward scattering photographs of Fig. 4 and to express the density difference by shade as depicted in Fig. 5(a) and (b) for forward and backward scattering, respectively. The density distributions exhibited in the graphics in Fig. 5(a) and (b) were read digitally and then diagramatically illustrated in Fig. 6 . These instantaneous spatial distributions of It/Io and IJ Io corresponded to 600 #s after the initiation of fuel injection for a pump speed of 500 rpm. The spray width 1 was directly measured from the Fig, 6 . Spatial distributions of (a) forward scattering, (b) backward scattering, and (c) mean particle diameter of a jet spray at 0.6 ms and 500 rpm pump speed. photograph (Fig. 4) . Each segment manifests the result at a location of the vertical baseline. The vertical dimension measures the spray width, while the horizontal length from the baseline represents the magnitude of the physical quantity, It/Io (with the baseline at right), Ib/ I0, mean droplet diameter, or volume density of the jet spray. Its instantaneous spatial distribution at 0.6 ms and 500 rpm is illustrated in Fig.  7a assuming the spray to be symmetrical with the light beam. By using the intensity distributions in Figs. 6a and 6b as It/Io and Ib/Io, respectively, Eq. (11) with an arbitrary value of A1 determined the mean particle radius f~0. The instantaneous spatial distribution of the mean particle diameter is depicted in Fig. 6c . By using r~0 in Fig. 6c and It/Io from Fig. 6a together with an arbitrary value of A2, Eq. (18) determined the volume density of the spray. Figure 7a depicts the cross-sectional view of the mean diameter distribution, while Fig. 7(b) shows the instantaneous spatial distribution of volume density at 0.6 ms and 500 rpm. It is important to note that the values of fl0 and 37/were evaluated using the arbitrarily selected values of A j and A2.
V. CALIBRATIONS
Holography was employed in the present study to determined the particle size. It has sensitivity for droplets larger than 5 /~m in diameter. The contribution of small droplets in the spray was neglected since diesel sprays are known to contain less droplets of diameters smaller than 5 #m [7, 8, 13] . The constants A1 and A2 must be Distance from nozzle tip(ram ) Fig. 7 . Spatial distributions of (a) mean particle diameter and (b) density at 0.6 ms and 500 rpm pump speed. determined in order to calculate correct values of the mean particle radius and the volume density using Eqs. (11) and (18), respectively. An in-line hologram was taken at location C in Fig. 1 , simultaneously with the forward and backward scattering photographs. Figure 8 depicts the hologram of a jet spray at 1.8 ms after the initiation of fuel injection using a fuel pump at a speed of 1200 rpm. Each side of the square grid in the hologram is about 5 mm in length. The constant A l in Eq. (11) was determined by equating fl0 measured from the reconstruction of the droplet image on the hologram to rl0 determined by the image processing of the corresponding scattering photographs. These A2 values under various operating conditions differ less than about 20%. The small deviation is evidence that this method meets the requirement for precise measurements of high density sprays. Equation (18) was employed to calculate the actual instantaneous spatial distributions of the volume density at 0.6, 1.2, and 1.8 ms for the pump speed of 1200 rpm using A 2 = 0.764.
Results are shown in Figs. 10-12, together with the time histories of the injection rate and pressure. Notice that the time scale (increasing from right to left) is opposite to the direction of the jet spray. The density segments were plotted at 5 mm increments along the spray path. The time interval used equals the path increment divided by the average spray velocity, which was empirically determined from spray photographs to be 100 m/s. It is observed that as the time elapses from 0 to 0.4 ms, both the injection pressure and rate increase, while the volume density is higher in the region close to the nozzle opening. The injection rate remains fairly con- stant from 0.4 to 0.8 ms, then followed by a gradual decrease to zero at 1.6 ms. The injection pressure reaches a maximum at 0.8 ms and diminishes thereafter. The injected fuel volume distribution calculated by the volume density distribution agrees well with that calculated by the injected rate measurement, as shown in Fig.  13 . The validity of the image density method in determining the volume density distribution is verified by this comparison and by the fact that deviations in the values of A2 are less than 10% under various operating conditions.
VI. CONCLUSIONS
In order to determine quantitatively the spatial distributions of the mean droplet diameter and volume density in high concentration jet sprays, a method is developed which processes the images of forward and backward scattering photographs of the spray. It is concluded that i. the combined forward and backward light scattering method is suitable for measuring the droplet size and volume density of a high concentration jet spray, ii. the image density method can be employed to determine the time histories of distributions of the droplet size and volume density, iii. the method is unique in its applicability to high-concentration jet sprays which cannot be handled by conventional light scattering and holographic methods, iv. the validity of the new technique is confirmed by good agreement between the injected fuel volume distributions obtained by the present image processing method and those determined by injection rate measurements, and v. the present study demonstrates its application to diesel fuel sprays.
